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We investigate the constraints on total neutrino mass in the scenario of vacuum energy interacting
with cold dark matter. We focus on two typical interaction forms, i.e., Q = βHρc and Q = βHρΛ.
To avoid the occurrence of large-scale instability in interacting dark energy cosmology, we adopt the
parameterized post-Friedmann approach to calculate the perturbation evolution of dark energy. We
employ observational data, including the Planck cosmic microwave background temperature and
polarization data, baryon acoustic oscillation data, a JLA sample of type Ia supernovae observation,
direct measurement of the Hubble constant, and redshift space distortion data. We find that,
compared with those in the ΛCDM model, much looser constraints on
∑
mν are obtained in the
Q = βHρc model, whereas slightly tighter constraints are obtained in the Q = βHρΛ model.
Consideration of the possible mass hierarchies of neutrinos reveals that the smallest upper limit of∑
mν appears in the degenerate hierarchy case. By comparing the values of χ
2
min, we find that the
normal hierarchy case is favored over the inverted one. In particular, we find that the difference
∆χ2min ≡ χ2IH;min−χ2NH;min > 2 in the Q = βHρc model. In addition, we find that β = 0 is consistent
with the current observations in the Q = βHρc model, and β < 0 is favored at more than the 1σ
level in the Q = βHρΛ model.
I. INTRODUCTION
The phenomenon of neutrino oscillation has proved
that neutrinos have masses and that there are mass split-
tings between different neutrino species (see Refs. [1, 2]
for reviews). However, it is enormously difficult for par-
ticle physics experiments to directly measure the abso-
lute masses of neutrinos. In fact, the solar and reac-
tor experiments measured the squared mass difference,
∆m221 ' 7.5× 10−5 eV2, and the atmospheric and accel-
erator beam experiments measured the squared mass dif-
ference, |∆m231| ' 2.5× 10−3 eV2 [2]. Thus, two possible
mass hierarchies are obtained, i.e., the normal hierarchy
(NH) with m1 < m2  m3 and the inverted hierarchy
(IH) with m3  m1 < m2, where mi (i = 1, 2, 3)
denotes the masses of neutrinos in the three mass eigen-
states. If the mass splittings are neglected, we then have
m1 = m2 = m3, which represents the degenerate hierar-
chy (DH).
Actually, the absolute masses of neutrinos could in
principle be measured by particle physics experiments,
such as tritium beta decay experiments [3–6] and neutri-
noless double beta decay (0νββ) experiments [7, 8]. In
addition, experiments for detecting cosmic relic neutri-
nos (e.g., the PTOLEMY proposal [9–12]) are also able to
measure the absolute masses of neutrinos. However, com-
pared with these particle physics experiments, cosmolog-
ical observations are considered to be a more promising
method to determine the absolute masses of neutrinos.
Massive neutrinos can leave rich signatures on the cos-
mic microwave background (CMB) anisotropies and the
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large-scale structure (LSS) formation in the evolution of
the universe. Thus, one might extract useful information
on neutrinos from these available cosmological observa-
tions.
Recently, the constraint on the total neutrino mass has
been reduced to
∑
mν < 0.15 eV (2σ) [13] in the base
Λ cold dark matter (ΛCDM) model. For dynamical dark
energy models, the constraints become
∑
mν < 0.25 eV
(2σ) in the wCDM model and
∑
mν < 0.51 eV (2σ) in
the Chevallier–Polarski–Linder (CPL) model [13], indi-
cating that larger neutrino masses are favored in the two
dynamical dark energy models. However, in the holo-
graphic dark energy (HDE) model, the constraint result
is reduced to
∑
mν < 0.113 eV (2σ) [14], which is close
to the edge of diagnosing the mass hierarchy of neutrinos.
For more studies on constraining the total neutrino mass
in cosmological models, see, e.g., Refs. [15–46].
Furthermore, when the possible mass hierarchies of
neutrinos are considered, some previous studies showed
that the NH case fits cosmological observations better
than the IH case. For example, Huang et al. [47] gave
the result ∆χ2 ≡ χ2IH;min−χ2NH;min ' 3.38 in the ΛCDM
model; Wang et al. [48] gave the results ∆χ2 ' 2.1 in
the wCDM model and ∆χ2 ' 4.1 in the HDE model.
Further, when the DH case is included for comparison,
the DH case fits almost all of the data combinations
best. Consistent conclusions are also obtained in the CPL
model [49].
In addition, when interaction between dark energy and
dark matter is considered in current cosmology, the con-
straint on
∑
mν is reduced to
∑
mν < 0.10 eV (2σ) [50].
This result implies that the IH case in this scenario should
be excluded by current observations. Actually, however,
the small upper limit obtained is due mainly to the strong
tension between the Planck data and the latest Hub-
ble constant measurement. Moreover, in the study in
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2Ref. [50], the possible mass hierarchies of neutrinos are
not considered. Thus, in the present work, we will revisit
the constraints on the total neutrino mass in the interact-
ing dark energy (IDE) scenario, and the mass hierarchy
cases of neutrinos will be considered for the first time in
this scenario.
The IDE scenario refers to a cosmological model in
which direct exchanges of energy and momentum be-
tween dark energy and dark matter are considered. This
scheme has been proposed and studied widely in the lit-
erature [51–92]. The cosmic coincidence problem can be
greatly alleviated in this situation [53–55, 64, 66]. Search-
ing for interactions between dark energy and dark mat-
ter observationally is an important mission in cosmol-
ogy. The impacts of interactions between dark energy
and dark matter on the CMB [66, 84] and LSS [52, 60,
64, 67, 78, 84] have been investigated in detail.
In our work, we investigate a specific class of models
of IDE, in which dark energy is considered to be the vac-
uum energy with w = −1, and thus the interaction is
between vacuum energy and cold dark matter. In the
usual ΛCDM model, the vacuum energy density is equiv-
alent to the cosmological constant Λ, and in this case, the
vacuum energy is a pure background with a constant Λ.
However, when the interaction is considered, the vacuum
energy density is no longer a constant, and thus it is no
longer a pure background. A model with such a setting
is sometimes called the Λ(t)CDM model. In this paper,
in order to be consistent with our previous studies, we
call these models IΛCDM models.
The energy conservation equations of the vacuum en-
ergy density (ρΛ) and the cold dark matter density (ρc)
in this scenario are given by
ρ˙Λ = Q, (1)
ρ˙c = −3Hρc −Q, (2)
where a dot represents the derivative with respect to
the cosmic time t, H is the Hubble parameter, and Q
is the energy transfer rate. In this work, we employ
two phenomenological forms of Q, i.e., Q = βHρc and
Q = βHρΛ, where β represents a dimensionless coupling
parameter. From Eqs. (1) and (2), it can be seen that
β > 0 indicates that the energy transport is from dark
matter to vacuum energy, β < 0 represents an inverse
energy flow, and β = 0 indicates no interaction between
vacuum energy and cold dark matter.
Here we note that the above IΛCDM models are based
on purely phenomenological considerations. Because we
do not understand the microscopic mechanism of how
dark matter feels a “fifth force” through the mediation
of dark energy, we cannot describe this process by a La-
grangian. In fact, we cannot write Lagrangians for most
uncoupled dark energy models, let alone for IDE mod-
els. Only for some very specific dark energy models, e.g.,
the “quintessence” scalar field model, is a Lagrangian de-
scription possible. For the coupled quintessence model,
the Lagrangian in the Einstein frame is given by L =
− 12∂µφ∂µφ − V (φ) − m(φ)ψψ + Lkin[ψ], where m(φ) is
the mass of the dark matter field ψ, which is a function of
the quintessence scalar field φ in this scenario. Actually,
in this scenario, the forms of the quintessence potential
V (φ) and the dark matter mass m(φ) also need to be
assumed. To investigate the interaction between dark
energy and dark matter, it is usually better to consider
more phenomenological scenarios (just as in the study of
dynamical dark energy, some parametrization models are
more apt to be linked to actual observations). In such a
description, an analogy with the reheating process in the
inflationary cosmology or the nuclear decay process is of-
ten made. Namely, one assumes the form of the energy
transfer rate and then writes the energy continuity equa-
tions for dark energy and dark matter. For the IΛCDM
models studied in this paper, we actually do not con-
sider the fundamental theory behind them, but we adopt
only a purely phenomenological perspective. In this sce-
nario, the number of parameters is the same as that in the
wCDM cosmology. However, here we also note that the
scenario of a “running” vacuum energy density can ac-
tually be related to the renormalization group; see, e.g.,
Refs. [82, 86, 90, 92].
Recently, some exciting studies [50, 82, 86, 90, 92–94]
found a nonzero interaction between dark sectors at more
than the 1σ level. For example, Salvatelli et al. [93]
showed that a nonzero interaction is favored at late times.
In their work, ten data points from redshift space distor-
tion (RSD) measurements can break the degeneracy be-
tween Ωch
2 and β. This can impose a lower limit on Ωch
2
and lead to a shift of β. Actually, when only the RSD
data from DR12 are included, β = 0 is still favored by
current observational data. In addition, in Refs. [50, 94],
β is positively correlated with
∑
mν in the Q = βHρc
model. A larger neutrino mass is derived in this scenario
than in the ΛCDM model. Thus, a positive value of β is
favored at more than the 1σ level. From the above anal-
ysis, we conclude that a nonzero interaction is always
dependent on observational data or the model itself.
In this paper, we report the latest results of constraints
on the total neutrino mass in the IΛCDM models. For the
neutrino mass measurement, we consider the NH case,
the IH case, and the DH case. Some important questions
will be addressed in this work: (i) Compared with those
in the ΛCDM model, what upper bounds of
∑
mν will be
obtained in the IΛCDM models? (ii) Which hierarchy of
neutrino masses will be favored in the IΛCDM models?
(iii) Can a nonzero interaction be detected by current
cosmological observations?
The structure of the paper is as follows. In Sec. II, we
first introduce the observational data employed in this
paper, and then we describe the constraint method used
in our analysis. In Sec. III, we analyze the results of con-
straining the coupling constant and the neutrino mass in
the IΛCDM scenario. The issue of diagnosing the neu-
trino mass hierarchy will also be discussed in this sec-
tion. Finally, we give the conclusions of the entire work
3in Sec. IV.
II. DATA AND METHOD
In what follows, we briefly describe the observational
data used in this work. They are:
• Planck TT, TE, EE + lowP: We employ the like-
lihood, including the TT, EE, and TE spectra, as
well as the Planck low-` (` ≤ 30) likelihood, from
the Planck 2015 release [30].
• BAO: We consider the four baryon acoustic oscil-
lation (BAO) data points, that is, the SDSS-MGS
measurement at zeff = 0.15 [95], the 6dFGS mea-
surement at zeff = 0.106 [96], and the CMASS and
LOWZ samples from the BOSS DR12 at zeff = 0.57
and zeff = 0.32 [97].
• SNIa: We employ the Joint Light-curve Analysis
(JLA) compilation of type Ia supernovae [98]. It
contains 740 type Ia supernovae data obtained from
SNLS and SDSS as well as a few samples of low-
redshift light-curve analysis.
• H0: We use the new result of direct measurement
of the Hubble constant, H0 = 73.00± 1.75 km s−1
Mpc−1 [99]. It reduced the uncertainty from 3.3%
to 2.4% by using Wide Field Camera 3 on the Hub-
ble Space Telescope. However, there is a strong
tension between the new H0 measurement and the
Planck data. This reminds us to use these data in
an appropriate way.
• RSD: We employ two RSD data points obtained
from the LOWZ sample at zeff = 0.32 and the
CMASS sample at zeff = 0.57 of the BOSS
DR12 [100]. Because these two RSD data points
also include the corresponding BAO measurements,
we exclude the BAO measurements of Ref. [97] from
the BAO likelihood in the combined constraints ap-
plied in this paper to avoid double counting.
We consider two data combinations in this work, i.e.,
Planck TT, TE, EE + lowP + BAO + SNIa + RSD
and Planck TT, TE, EE + lowP + BAO + SNIa + RSD
+ H0. It should be pointed out that when the latest
local measurement of H0 is included in an analysis, an
additional parameter Neff considered in the cosmological
models will be more helpful for relieving the tension [24,
26, 99, 101–105].
Actually, there are also other measurements of the
growth of structure that are often used to constrain
the total neutrino mass, for example, the CMB lensing,
galaxy weak lensing, and cluster counts measurements.
In this paper, we consider only the above two data com-
binations, mainly because they are convenient for making
a direct comparison with the results of Ref. [50]. In addi-
tion, the consistency with the Planck CMB power spec-
tra is also taken into account. In fact, it is expected that
inclusion of the Planck lensing likelihood would lead to
somewhat weaker constraints on the neutrino mass ow-
ing to the low values of σ8 preferred by Planck lensing.
Galaxy weak lensing probes lower redshifts and smaller
spatial scales than CMB lensing, and thus the uncer-
tainties in modeling nonlinearities in the matter power
spectrum and the baryonic feedback on these scales be-
come rather important. To mitigate the uncertainties of
the nonlinear modeling, a conservative cut scheme can be
adopted for the weak lensing data [106], but this treat-
ment would greatly weaken the constraining power of the
weak lensing data. Moreover, both galaxy weak lensing
and cluster counts actually remain in tension with the
Planck CMB data, even though massive neutrinos are
considered in a cosmological model [30]. Therefore, these
measurements of structural growth are not used in this
paper.
In the IΛCDM cosmology, we must consider the large-
scale instability problem [63] seriously. To resolve this
problem, we adopt the parameterized post-Friedmann
(PPF) approach [50, 107–110]. It is an effective scheme
to treat the perturbations of dark energy. On large scales,
a direct relationship is established between the velocities
of dark energy and other components. On small scales,
the Poisson equation can effectively describe curvature
perturbations. In order to be consistent on all scales, a
dynamical function Γ is constructed to link them. By
combining the Einstein equations with the conservation
equations, the equation of motion of Γ can be determined.
Then we can obtain the correct energy density and veloc-
ity perturbations of dark energy. This PPF scheme can
help us explore the entire parameter space of the IΛCDM
models without assuming any specific ranges of w and β.
For the base ΛCDM model, the six basic cosmological
parameters are {ωb, ωc, θMC, τ, ns, ln(1010As)}. Here
ωb = Ωbh
2 is the present density of baryons, and ωc =
Ωch
2 is the present density of cold dark matter; θMC is
the ratio between the sound horizon and the angular di-
ameter distance at the decoupling epoch; τ is the Thom-
son scattering optical depth resulting from reionization;
ns is the scalar spectral index; and As is the amplitude of
the primordial power spectrum at the pivot scale, kp =
0.05 Mpc−1. For the IΛCDM models, the prior range of
the coupling parameter β is set to [−0.2, 0.2] for the case
of Q = βHρc and [−1.0, 1.0] for the case of Q = βHρΛ.
The additional free parameters include the total neu-
trino mass
∑
mν and the effective number of relativistic
species, Neff , with a prior of [0, 6.0].
To constrain the neutrino mass and other cosmological
parameters, we employ a modified version of the pub-
licly available CosmoMC sampler [111]. The posterior
distributions of all the cosmological parameters can be
obtained by fitting to observational data.
For the NH case, the neutrino mass spectrum is
(m1,m2,m3) = (m1,
√
m21 + ∆m
2
21,
√
m21 + |∆m231|)
(3)
in terms of a free parameter m1. For the IH case, the
4neutrino mass spectrum is
(m1,m2,m3) = (
√
m23 + |∆m231|,
√
m23 + |∆m231|+ ∆m221,m3)
(4)
in terms of a free parameter m3. We also consider the
DH case for comparison. In this case, the neutrino mass
spectrum is
m1 = m2 = m3 = m, (5)
where m is a free parameter. It should be pointed out
that the input lower bounds of
∑
mν are 0.06 eV for the
NH case, 0.10 eV for the IH case, and 0 eV for the DH
case.
III. RESULTS
We constrain the total neutrino mass in the IΛCDM
models. For comparison with Ref. [50], we further con-
sider the three mass hierarchy cases of neutrinos, i.e.,
the NH case, the IH case, and the DH case. Our fitting
results are listed in Tables I and II for the base ΛCDM
model and Tables III–VI for the two IΛCDM models. For
convenient display, we use “IΛCDM1” and “IΛCDM2”
instead of “the Q ∝ ρc model” and “the Q ∝ ρΛ model,”
respectively. In these tables, we quote the ±1σ errors of
cosmological parameters, but only the 2σ upper limit is
given for the total neutrino mass
∑
mν . In addition, we
also list the values of χ2min.
A. Neutrino mass
We first use the Planck TT, TE, EE + lowP + BAO +
SNIa + RSD data combination to constrain these models.
In the ΛCDM+
∑
mν model, we obtain
∑
mν < 0.217
eV for the NH case,
∑
mν < 0.235 eV for the IH case,
and
∑
mν < 0.198 eV for the DH case (see Table I).
In the IΛCDM1+
∑
mν model, the constraint results be-
come
∑
mν < 0.279 eV for the NH case,
∑
mν < 0.301
eV for the IH case, and
∑
mν < 0.245 eV for the DH case
(see Table III), indicating that much looser constraints
are obtained than those in the ΛCDM+
∑
mν model.
Further, in the IΛCDM2+
∑
mν model, the results are∑
mν < 0.206 eV for the NH case,
∑
mν < 0.228 eV
for the IH case, and
∑
mν < 0.180 eV for the DH case
(see Table V), indicating that the constraints are slightly
tighter than those in the ΛCDM+
∑
mν model.
Furthermore, we consider including the latest local
measurement of the Hubble constant, H0 = 73.00 ±
1.75 km s−1 Mpc−1, to constrain these models. Us-
ing the Planck TT, TE, EE + lowP + BAO +
SNIa + RSD + H0 data combination, we find that,
compared with the ΛCDM+
∑
mν+Neff model, the
IΛCDM1+
∑
mν+Neff model provides much looser con-
straints on
∑
mν , whereas the IΛCDM2+
∑
mν+Neff
model provides tighter constraints. This is consistent
with the case using the Planck TT, TE, EE + lowP +
BAO + SNIa + RSD data. The detailed results are given
in Tables II, IV, and VI. Considering the three mass hi-
erarchies, we find that the value of
∑
mν is smallest in
the DH case and largest in the IH case. Thus, the mass
hierarchy can affect the constrained values of
∑
mν in
these models.
Next, we give the values of χ2min for the three mass
hierarchy cases. For the ΛCDM+
∑
mν model and the
ΛCDM+
∑
mν+Neff model, we find that the values of
χ2min in the NH case are slightly smaller than those in the
IH case, and the difference ∆χ2min ≡ χ2IH;min−χ2NH;min <
2 (see Tables I and II). When the mass splittings are
neglected, the values of χ2min are smallest in this case.
In addition, for the IΛCDM1+
∑
mν model and the
IΛCDM1+
∑
mν+Neff model, we find that the differ-
ence ∆χ2min ≡ χ2IH;min − χ2NH;min > 2 (see Tables III
and IV), further providing strong support for the NH
case. In this situation, the values of χ2min for the DH
case are the smallest. For the IΛCDM2+
∑
mν model
and the IΛCDM2+
∑
mν+Neff model, we obtain results
consistent with those in the ΛCDM+
∑
mν model and
the ΛCDM+
∑
mν+Neff model. Namely, the NH case
is favored over the IH case, but the difference ∆χ2min ≡
χ2IH;min−χ2NH;min < 2 (see Tables V and VI), which does
not seem to be significant enough to distinguish between
the mass hierarchies.
B. Coupling parameter
In this subsection, we discuss the fitting results of
the coupling parameter β. First, we constrain the
IΛCDM1+
∑
mν model using the Planck TT, TE, EE
+ lowP + BAO + SNIa + RSD data. The detailed fit-
ting results are given in Table III. We see that β = 0
is favored within the 1σ range, regardless of the neu-
trino mass hierarchy. Furthermore, we constrain the
IΛCDM1+
∑
mν+Neff model using the Planck TT, TE,
EE + lowP + BAO + SNIa + RSD + H0 data. The
detailed fitting results are given in Table IV. For this
data combination, β = 0 is still favored by the data.
Thus, there is no evidence of a nonzero interaction in the
Q = βHρc model. In addition, from Figs. 1 and 2, we
see that β is positively correlated with
∑
mν .
Next, we constrain the IΛCDM2+
∑
mν model using
the Planck TT, TE, EE + lowP + BAO + SNIa + RSD
data, and we constrain the IΛCDM2+
∑
mν+Neff model
using the Planck TT, TE, EE + lowP + BAO + SNIa +
RSD + H0 data. The detailed fitting results are given in
Tables V and VI, respectively. For the Q = βHρΛ model,
an exciting result is that negative values of β are favored
by current observations at more than the 1σ level, indi-
cating that vacuum energy decays into cold dark matter.
Further, we see that the values of β are truncated when
β < −0.3. This is because β is anticorrelated with Ωm,
as shown in Figs. 3 and 4. A larger Ωm leads to a smaller
β, whereas a too-small value of β (negative value) is not
5TABLE I: Fitting results of the cosmological parameters in the ΛCDM+
∑
mν model for mass hierarchy cases NH, IH, and
DH.
Data Planck TT,TE,EE+lowP+BAO+SNIa+RSD
Model ΛCDM+
∑
mNHν ΛCDM+
∑
mIHν ΛCDM+
∑
mDHν
Ωbh
2 0.02231± 0.00014 0.02232± 0.00014 0.02230± 0.00014
Ωch
2 0.1186± 0.0011 0.1183± 0.0011 0.1188± 0.0012
100θMC 1.04087± 0.00029 1.04087± 0.00030 1.04084± 0.00029
τ 0.078+0.017−0.016 0.082
+0.017
−0.016 0.074± 0.017
ln(1010As) 3.087± 0.032 3.094± 0.032 3.080± 0.033
ns 0.9672± 0.0042 0.9678± 0.0041 0.9665± 0.0042∑
mν < 0.217 eV < 0.235 eV < 0.198 eV
Ωm 0.3139
+0.0071
−0.0072 0.3159
+0.0069
−0.0070 0.3116
+0.0072
−0.0081
H0 67.31
+0.59
−0.54 67.13
+0.53
−0.52 67.53
+0.64
−0.57
χ2min 13661.472 13661.662 13658.622
TABLE II: Fitting results of the cosmological parameters in the ΛCDM+
∑
mν+Neff model for mass hierarchy cases NH, IH,
and DH.
Data Planck TT,TE,EE+lowP+BAO+SNIa+RSD+H0
Model ΛCDM+
∑
mNHν +Neff ΛCDM+
∑
mIHν +Neff ΛCDM+
∑
mDHν +Neff
Ωbh
2 0.02252+0.00017−0.00018 0.02256± 0.00017 0.02248± 0.00018
Ωch
2 0.1214± 0.0028 0.1217± 0.0027 0.1211+0.0027−0.0028
100θMC 1.04058± 0.00041 1.04054± 0.00040 1.04063± 0.00040
τ 0.082± 0.017 0.086± 0.017 0.077± 0.017
ln(1010As) 3.103± 0.034 3.112± 0.034 3.093± 0.035
ns 0.9761
+0.0067
−0.0068 0.9778
+0.0066
−0.0067 0.9740
+0.0068
−0.0073∑
mν < 0.227 eV < 0.249 eV < 0.202 eV
Neff 3.27± 0.16 3.30± 0.16 3.23± 0.16
Ωm 0.3058
+0.0068
−0.0067 0.3071± 0.0067 0.3040+0.0069−0.0068
H0 68.93± 0.97 68.94± 0.97 68.94± 0.98
χ2min 13669.956 13670.988 13668.192
TABLE III: Fitting results of the cosmological parameters in the IΛCDM1 (Q = βHρc)+
∑
mν model for mass hierarchy cases
NH, IH, and DH.
Data Planck TT,TE,EE+lowP+BAO+SNIa+RSD
Model IΛCDM1+
∑
mNHν IΛCDM1+
∑
mIHν IΛCDM1+
∑
mDHν
Ωbh
2 0.02228± 0.00015 0.02227± 0.00016 0.02229± 0.00015
Ωch
2 0.1182+0.0014−0.0013 0.1178
+0.0015
−0.0013 0.1187
+0.0015
−0.0013
100θMC 1.04087± 0.00030 1.04088± 0.00030 1.04085± 0.00030
τ 0.078± 0.017 0.081± 0.017 0.074± 0.017
ln(1010As) 3.089± 0.033 3.095+0.033−0.032 3.081± 0.033
ns 0.9667± 0.0043 0.9669± 0.0044 0.9663± 0.0044
β 0.0010± 0.0018 0.0014+0.0017−0.0018 0.0004± 0.0018∑
mν < 0.279 eV < 0.301 eV < 0.245 eV
Ωm 0.3116± 0.0090 0.3121± 0.0090 0.3112+0.0090−0.0089
H0 67.52± 0.74 67.47± 0.74 67.57+0.73−0.74
χ2min 13660.994 13663.684 13661.990
6TABLE IV: Fitting results of the cosmological parameters in the IΛCDM1 (Q = βHρc)+
∑
mν+Neff model for mass hierarchy
cases NH, IH, and DH.
Data Planck TT,TE,EE+lowP+BAO+SNIa+RSD+H0
Model IΛCDM1+
∑
mNHν +Neff IΛCDM1+
∑
mIHν +Neff IΛCDM1+
∑
mDHν +Neff
Ωbh
2 0.02244± 0.00021 0.02244± 0.00021 0.02242± 0.00021
Ωch
2 0.1201± 0.0032 0.1200± 0.0032 0.1203± 0.0032
100θMC 1.04067± 0.00042 1.04064± 0.00042 1.04068± 0.00042
τ 0.081+0.018−0.017 0.084± 0.018 0.077± 0.017
ln(1010As) 3.102
+0.036
−0.035 3.109
+0.036
−0.035 3.093± 0.035
ns 0.9738± 0.0078 0.9744+0.0078−0.0077 0.9724+0.0078−0.0077
β 0.0015± 0.0019 0.0018± 0.0019 0.0010+0.0019−0.0021∑
mν < 0.296 eV < 0.321 eV < 0.263 eV
Neff 3.22± 0.18 3.23± 0.17 3.20± 0.17
Ωm 0.3024
+0.0081
−0.0080 0.3029± 0.0082 0.3021± 0.0082
H0 69.05
+0.99
−0.98 69.05± 0.99 69.00±+0.98−0.99
χ2min 13668.898 13671.246 13668.984
TABLE V: Fitting results of the cosmological parameters in the IΛCDM2 (Q = βHρΛ)+
∑
mν model for mass hierarchy cases
NH, IH, and DH.
Data Planck TT,TE,EE+lowP+BAO+SNIa+RSD
Model IΛCDM2+
∑
mNHν IΛCDM2+
∑
mIHν IΛCDM2+
∑
mDHν
Ωbh
2 0.02233± 0.00014 0.02235± 0.00014 0.02232± 0.00014
Ωch
2 0.1319+0.0150−0.0068 0.1311
+0.0153
−0.0069 0.1335
+0.0146
−0.0064
100θMC 1.04017
+0.00049
−0.00083 1.04022
+0.00049
−0.00082 1.04009
+0.00046
−0.00080
τ 0.079± 0.016 0.082± 0.016 0.074+0.017−0.016
ln(1010As) 3.089± 0.032 3.095± 0.032 3.080± 0.032
ns 0.9678
+0.0040
−0.0041 0.9685± 0.0041 0.9670± 0.0042
β −0.129+0.066−0.146 −0.125+0.067−0.151 −0.140+0.060−0.141∑
mν < 0.206 eV < 0.228 eV < 0.180 eV
Ωm 0.343
+0.033
−0.018 0.344
+0.033
−0.018 0.343
+0.032
−0.017
H0 67.32
+0.54
−0.53 67.15± 0.52 67.58+0.61−0.56
χ2min 13658.662 13659.402 13656.462
0.08 0.16 0.24 0.32
Σmν [eV]
0.005
0.002
0.001
0.004
0.007
β
IΛCDM1+
∑
mNHν
IΛCDM1+
∑
mIHν
IΛCDM1+
∑
mDHν
FIG. 1: Two-dimensional marginalized contours (1σ and 2σ) of the
∑
mν–β plane in the IΛCDM1 (Q = βHρc)+
∑
mν model
using the Planck TT, TE, EE + lowP + BAO + SNIa + RSD data combination for various neutrino mass hierarchies.
allowed by theory in current cosmology. IV. CONCLUSION
In this paper, we constrain the total neutrino mass
in the scenario of vacuum energy interacting with cold
7TABLE VI: Fitting results of the cosmological parameters in the IΛCDM2 (Q = βHρΛ)+
∑
mν+Neff model for mass hierarchy
cases NH, IH, and DH.
Data Planck TT,TE,EE+lowP+BAO+SNIa+RSD+H0
Model IΛCDM2+
∑
mNHν +Neff IΛCDM2+
∑
mIHν +Neff IΛCDM2+
∑
mDHν +Neff
Ωbh
2 0.02259± 0.00018 0.02264± 0.00018 0.02255± 0.00018
Ωch
2 0.1415+0.0144−0.0076 0.1417
+0.0144
−0.0079 0.1415
+0.0139
−0.0076
100θMC 1.03950
+0.00057
−0.00085 1.03947
+0.00058
−0.00084 1.03953
+0.00056
−0.00083
τ 0.084± 0.017 0.088+0.016−0.017 0.079+0.017−0.018
ln(1010As) 3.109± 0.034 3.118± 0.033 3.098± 0.034
ns 0.9792± 0.0070 0.9811± 0.0070 0.9769± 0.0071
β −0.172+0.050−0.122 −0.171+0.052−0.122 −0.174+0.049−0.118∑
mν < 0.215 eV < 0.245 eV < 0.188 eV
Neff 3.33
+0.16
−0.17 3.37± 0.17 3.29± 0.17
Ωm 0.344
+0.028
−0.014 0.345
+0.027
−0.014 0.343
+0.027
−0.014
H0 69.30± 1.00 69.30± 1.00 69.30± 1.00
χ2min 13664.296 13665.398 13664.704
0.08 0.16 0.24 0.32
Σmν [eV]
0.005
0.002
0.001
0.004
0.007
β
IΛCDM1+
∑
mNHν +Neff
IΛCDM1+
∑
mIHν +Neff
IΛCDM1+
∑
mDHν +Neff
FIG. 2: Two-dimensional marginalized contours (1σ and 2σ) of the
∑
mν–β plane in the IΛCDM1 (Q = βHρc)+
∑
mν+Neff
model using the Planck TT, TE, EE + lowP + BAO + SNIa + RSD +H0 data combination for various neutrino mass
hierarchies.
0.08 0.16 0.24 0.32
Σmν [eV]
0.2
0.1
0.0
0.1
0.2
0.3
β
0.28 0.32 0.36 0.40
Ωm
IΛCDM2+
∑
mNHν IΛCDM2+
∑
mIHν IΛCDM2+
∑
mDHν
FIG. 3: Two-dimensional marginalized contours (1σ and 2σ) of the
∑
mν–β plane and the Ωm–β plane in the IΛCDM2
(Q = βHρΛ)+
∑
mν model using the Planck TT, TE, EE + lowP + BAO + SNIa + RSD data combination for various
neutrino mass hierarchies.
dark matter. We consider three neutrino mass hierarchy cases, i.e., the NH case, the IH case, and the DH case.
80.08 0.16 0.24 0.32
Σmν [eV]
0.2
0.1
0.0
0.1
0.2
0.3
β
0.28 0.32 0.36 0.40
Ωm
IΛCDM2+
∑
mNHν +Neff IΛCDM2+
∑
mIHν +Neff IΛCDM2+
∑
mDHν +Neff
FIG. 4: Two-dimensional marginalized contours (1σ and 2σ) of the
∑
mν–β plane and the Ωm–β plane in the IΛCDM2
(Q = βHρΛ)+
∑
mν+Neff model using the Planck TT, TE, EE +lowP +BAO + SNIa + RSD + H0 data combination for
various neutrino mass hierarchies.
In our analysis, we employ two data combinations, i.e.,
the Planck TT, TE, EE + lowP + BAO + SNIa + RSD
data combination and the Planck TT, TE, EE + lowP
+ BAO + SNIa + RSD + H0 data combination. It is
worth mentioning that there is a strong tension between
the local measurement ofH0 and the fitting result derived
from the Planck data. Thus, when the local measurement
of H0 is used to constrain the models, we consider an
additional parameter, Neff , in the cosmological models
to relieve the tension.
We find that, compared with the ΛCDM model, the
Q = βHρc model can provide a much looser constraint on
the total neutrino mass, whereas the Q = βHρΛ model
gives a slightly tighter constraint. We also compare the
constrained values of
∑
mν for the three mass hierarchy
cases. We find that the upper limits on
∑
mν are small-
est in the DH case. By comparing the values of χ2min for
different neutrino mass hierarchies, we find that the NH
case is favored over the IH case in the IΛCDM models.
The difference ∆χ2min ≡ χ2IH;min − χ2NH;min is 2.69 in the
Q = βHρc model. Our results are consistent with those
of Refs. [47–49].
In addition, we also probe the interaction between vac-
uum energy and cold dark matter. For the Q = βHρc
model, there is no evidence of a nonzero interaction.
However, for the Q = βHρΛ model, we find that a nega-
tive β is favored at more than the 1σ level, indicating that
vacuum energy decays into cold dark matter. Our fitting
results of the coupling constant β are different from those
of Ref. [50]. The reason may be that the local H0 mea-
surement with a strong tension is employed in Ref. [50],
whereas in our analysis, we add the parameter Neff to
alleviate the tension when the local measurement value
of H0 is employed to constrain the models.
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